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SOFCIn this paper, the electrochemical reactivity between La0.6Sr0.4Co0.8Fe0.2O3 (LSCF) and cobalt-coated stainless
steel was investigated in air at 700 °C. The cobalt electrodeposition onto ferritic stainless steel has an important
role in decreasing of chromium poisoning on the cathode side of solid oxide fuel cells (SOFCs). The polarization
resistance of a symmetrical cell composed by LSCF//YSZ//LSCF at 700 °C was evaluated using 430 stainless steel
as electrical interconnects. The polarization resistance for cobalt-coated interconnects was 0.92 Ω cm2 and for
uncoated interconnects was 5.1 Ω cm2. The formation of Co3O4 layer seems to block the chromium migration.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
Metallic interconnects for solid oxide fuel cells (SOFCs) have
attracted great attention in recent years. This is due to characteristics
such as higher electronic and thermal conductivities, low cost and
good manufacturability compared to traditional ceramic interconnects
[1–5]. Many papers have been focused on ferritic stainless steel
due its low cost and adequate linear thermal expansion coefﬁcient
(11–12 × 10−6 K−1) [6,7]. However, under cathode working condi-
tions (typically at 1123 K in air) the CrO3 and CrO2(OH)2 evaporate
from Cr2O3 [7] causing severe degradation (Eqs. (1) and (2)). Moreover
the Cr(VI) can be reduced parallel with oxygen, reducing the lifetime
of SOFCs [7,8].
1=2Cr2O3ðsÞ þ 3=4O2ðgÞ→CrO3ðgÞ ð1Þ
1=2Cr2O3ðsÞ þ 3=4O2ðgÞ þ H2O→CrO2ðOHÞ2ðgÞ ð2Þ
The interaction between metallic interconnect and cathodes as
LSCF (LaxSr(1 − x)CoyFe(1 − y)O3) has been investigated [9]. In litera-
ture it is related to the formation of SrCr2O4 at LSCF/ferritic stainless
steel interface [10]. The reaction to form non-conductive SrCr2O4
could occur between gaseous CrO3 and a nucleation agent, namely
SrO segregated on the surface of LSCF electrodes, to form Cr–Sr–O.V. Open access under CC BY license.nuclei [10]. SrCr2O4 is non-conductive and its formation leads to
reduction of conductivity and porosity of cathode [10,11]. The de-
position of reaction products showed in Eq. (3) was predicted to
inhibit the cathodic oxygen reduction reaction at the three-phase
boundary (TPB). To improve the surface electrical properties and
reduce the amount of chromium in oxide layer, the semiconductor
oxide coating has been proposed [12,13]. Cobalt oxide Co3O4
is a promising candidate because of its interesting conductivity
(6.70 S cm−1) and its adequate linear thermal expansion coefﬁ-
cient [14]. A good strategy to obtain the Co3O4 layer onto stainless
steel is cobalt electrodeposition with subsequent oxidation in air
at high temperatures [14].
In this paper, the 430 stainless steel surface was coated with
cobalt by electrodeposition method followed by heat treatment at
700 °C for 45 h in air atmosphere. The effect of cobalt protection on
LSCF polarization resistance was investigated. The technique used
in this study was the electrochemical impedance spectroscopy (EIS).
Indeed most of studies are focused at temperatures of 800 °C. However
there is a trend to reduce the operating temperature of SOFC. A temper-
ature range of 400–600 °C is already envisioned by the researchers
[13,14]. Thus the temperature used in this paper was 700 °C.Fig. 1. Equivalent circuit between the LSCF cathode and YSZ electrolyte.
Fig. 2. (a) Cell Pt/LSCF//YSZ//LSCF/steel/Pt where the LSCF is in direct contact with
metallic interconnect (430 stainless steel). (b) Cell Pt/LSCF//YSZ//LSCF/Co/steel/Co/Pt.
30 40 50 60 70
2000
4000
6000
8000
10000
12000
FeCr2O4
2 (θ) 
2 (θ) 
U.
A.
 in
te
ns
ity
 
Cr2O3
(a)
30 40 50 60 70
U.
A.
 in
te
ns
ity
(4 4 0)(5 1 1)
(4 2 2)
(4 0 0)
(2 2 2)
(3 1 1)
(2 2 0)
Co3O4
(b)
Fig. 4. The X-ray diffraction patterns of 430 stainless steel without (a) andwith (b) cobalt
after 45 h at 700 °C.
11E.M. Garcia / Surface & Coatings Technology 235 (2013) 10–142. Experimental
2.1. Preparation of electrodeposition solutions
Cobalt was deposited by electroplating onto polished AISI 430
stainless steel substrates which had an area of 200 mm2. The coun-
ter electrode was made of platinum, with area equal to 3.75 cm2
and the reference electrode was saturated with Ag/AgCl/KCl.
The electroplating bath was operated under the conditions of agita-
tion at pH 3.0, current density of 100 mA cm−2, temperature of
30 °C and charge density of 10.0 C cm−2. The solution consisted
of 300 g cobalt sulphate (MERCK) and 30 g of boric acid (MERCK)
dissolved in 1 L of distilled water. The electrodeposited cobalt was
analyzed by scanning electron microscopy and its thickness was
approximately 1 μm.
2.2. Electrochemical measurements and material characterization
Electrochemical measurements were held with an AUTOLAB
PGSTAT 302 with impedance module, FRA and GPES software.
The electrochemical impedance spectroscopy measurements were
performed in a frequency scale of 1.00 × 105 to 1.00 × 10−3 Hz
with a signal amplitude of 10.0 mV. When a sinusoidal potential
excitation (Eq. (3)) is applied to the electrode/solution interface,
it causes an out of phase current response with respect to the applied
sinusoidal potential (Eq. (4)) [1].
E tð Þ ¼ E0 sin wtð Þ ð3ÞFig. 3. Electrochemical impedance after 2 h in air at 700 °C for half-cell (a) Pt/LSCF//YSZ//
LSCF/Co/steel/Co/Pt and (b) Pt/LSCF//YSZ//LSCF/steel/Pt.I tð Þ ¼ I0 sin wtþ φð Þ ð4Þ
Using Euler's formula, the electrochemical impedance, Z (w), can
be expressed as a real part, Z′ (w), and an imaginary part, Z″ (w),
(Eq. (5)):
Z wð Þ ¼
I0 sin wtþ φð Þ
E0 sin wtð Þ
¼ Z′ wð Þ þ iZ″ wð Þ: ð5Þ
In a system with a low contribution of mass transfer, the
impedance can be predicted as the mathematical model shown
in Eq. (6) [1].
Z wð Þ ¼ Rs þ
Rp
1−C2Rp2w2
þ wCRp
2
1−w2C2Rp2
" #
ð6Þ
The mathematical model shown in Eq. (6) is equivalent to the
circuit shown in Fig. 1. This ﬁgure represents the electrical interface
LSCF/YSZ. In this circuit, Re represents the electrolyte resistance, Rp
represents the polarization resistance and CPE is the non-ideal
capacitance of the electrical interface.
A steel plate was coated with cobalt and another plate was
uncoated. These plates were subjected to a temperature of 700 °C
for 45 h. The cross section of samples was analyzed by scanning
electron microscopy (SEM). X-ray diffraction and energy dispersive
X-ray of samples with and without cobalt were performed. The cobalt
Fig. 5. The scanning electron microscopy (SEM) of 430 stainless steel with (a) and without (b) cobalt after 45 h at 700 °C.
12 E.M. Garcia / Surface & Coatings Technology 235 (2013) 10–14electrodeposit characterization was performed in a JEOL JXA model
8900 RL.
3. Results and discussion
To investigate the effect of Cr poisoning on LSCF, the electrical po-
larization resistance was measured in air using the electrochemical
impedance spectroscopy (EIS) at 700 °C. The reactivity study was
performed on 430 stainless steel interconnects. The electrochemical
interfaces of interest are shown in Fig. 2. In Fig. 2a, the LSCF is in con-
tact with stainless steel. On the other hand, in Fig. 2b the LSCF is in
contact with cobalt-coated stainless steel. The EIS diagrams after 2 h
for cell Pt/LSCF//YSZ//LSCF/steel/Pt (where the interconnect is stain-
less steel) and Pt/LSCF//YSZ//LSCF/Co/steel/Co/Pt (where the inter-
connect is cobalt-coated stainless steel) are shown in Fig. 3a and
b respectively. Comparing the two cases qualitatively, in the cell
where interconnect was coated with cobalt, the polarization resis-
tance was signiﬁcantly smaller than uncoated interconnect. The
polarization resistance for cell (a) was 0.92 Ω cm2 (coated inter-
connect) and for cell (b) (uncoated interconnect) was 5.1 Ω cm2.
It must be taken into account that, in both cases, what was mea-
sured is the polarization resistance (Rp), in other words, the resis-
tance for electron transfer through double-layer to promote the
oxygen reduction (O2 + 2e− → 1/2 O−2). The Rp is inevitably af-
fected by area speciﬁc resistance (ASR) of interconnects (its limit
value for SOFC applications is 0.10 Ω cm2). Despite ASR not being0 10 20 30 40 50
1
2
3
4
5
6
7
8
9
R
p 
/ O
hm
cm
2
Time / Hours
 AISI 430/Co
 AISI 430  
Fig. 6. The polarization resistance for half-cells Pt/LSCF//YSZ//LSCF/steel/Pt and
Pt/LSCF//YSZ//LSCF/Co/steel/Co/Pt in air at 700 °C.taken into consideration in this paper, in our previous paper discussed
only this aspect [10].
Fig. 4 shows the X-ray diffraction (XRD) patterns of 430 stainless
steel/Co and 430 stainless steel after heat treatment at 700 °C for
45 h. When the cobalt is subjected to heating at 700 °C, a layer of
Co3O4 is formed (Eq. (7)) [11].
3Co sð Þ þ 202 gð Þ→
800C
Co3O4 sð Þ ð7Þ
However, in the steel without cobalt, the Cr2O3 is predominant,
although the presence of FeCr2O4 can be also observed (Fig. 4a).
The conductivity of Cr2O3 (0.003–0.05 S cm−1 at 800 °C [15,16]) is
much lower thanCo3O4 (6.7 S cm−1 at 1123 K in air [11]). This explains
the higher values for Rp found for steel without cobalt (Fig. 3).
Fig. 5 shows the scanning electron micrograph (SEM) of 430
steel with (a) and without (b) cobalt coating after oxidation in
air atmosphere for 45 h at 700 °C. The steel samples without cobalt
(Fig. 5b) show great porosity and oxide spallation. The surface steel
degradation (Fig. 5) occurs due to the formation of volatile CrVI
species (Eqs. (1) and (2)) [16]. Through SEM, it can be seen that
the porosity and oxide spallation have been signiﬁcantly reduced
in the steel with cobalt (Fig. 5a). The cobalt coated sample shows
a more regular morphology than the uncoated sample. In this case
the Co3O4 coating serves as a barrier to decrease Cr2O3 in the surface
of the samples.
Fig. 6 presents the polarization resistance for symmetric cells at
700 °C in air for 45 h. For the cell where the interconnect does not
have a cobalt layer, the polarization resistance shows an increase in
time. For the cell in which cobalt-coated stainless steel was used the
polarization resistance is practically constant over the time. Fig. 7
represents the LSCF surface after oxidation test. In Fig. 7a the LSCF
was in contact with cobalt-coated stainless steel and in Fig. 7b it
was in contact with pure stainless steel. It can be clearly seen that,
in the LSCF sample in contact with uncoated steel, the chrome pres-
ence is evident in accord with EDX measurements (Fig. 7b). However
when the LSCF is in contact with the cobalt-coated interconnect, the
chromium presence is not evidenced. In this case, the Co3O4 prevents
the solid state reaction of Cr2O3 with chromium diffusion from the
LSCF. A test of conductivity with two probe methods was performed
on steel samples. The separation of the two probes was 1 cm and
the force applied was 1 kg. The sample without cobalt has the resis-
tivity of 0.58 Ω cm. This value is a very different theoretical value
for a mixture of Cr2O3 and FeCr2O4 (1.3 × 103 Ω cm [16]). This result
is more compatible with metallic resistance. It means that the oxide
layer on top of steel is very porous and discontinuous or imperfect.
On the other hand, in the steel with cobalt coating the resistivity
obtained is 0.95 × 108 Ω cm. This value is very close to the resistivity
Fig. 7. The SEM and EDX for LSCF surface after the test. In (b) the LSCF was in contact with steel cobalt coated and in (c) without cobalt coating.
13E.M. Garcia / Surface & Coatings Technology 235 (2013) 10–14value of Co3O4 (1.01 × 108 Ω cm [12]). This shows that Co3O4 layer is
much more compact and dense compared to 430 stainless steel. As it
has been studied by our research group [11], when the steel is cobalt
coated, the formation of Co3O4 layer inhibits the chromium oxide vola-
tilization. On the other hand at the interface without cobalt the forma-
tion of Cr2O3 can lead to formation of insulating phases such as SrCr2O4.
To investigate the Cr distribution in detail, we conducted EDX
point-scan analysis of sample cross-sections (Fig. 8). The cobalt
content is higher than Cr content after interface. This can be indicative
that Co3O4 serves as a barrier to decrease the Cr2O3 in the surface
samples. When the steel is recovered by cobalt, the formation of Co3O4
layer inhibits the Cr2O3 formation [11].Fig. 8. SEM and EDX in the cross-section of 430 stainless4. Conclusion
Although the exposure time used in this paper was relatively short
(45 h), the cobalt electrodeposition technique and subsequent oxida-
tion treatment are effective methods to produce Co3O4 coatings on
430 stainless steel. The polarization resistance of LSCF in contact
with cobalt coated steel is 0.92 Ω cm2 and with uncoated steel was
5.1 Ω cm2. The cell in which the steel was covered with cobalt
shows a more regular morphology than the uncoated one; moreover,
in this case the polarization resistance of LSCF increases almost linearly
with time. In the cell in which cobalt coated steel was used, the polari-
zation resistance is practically constant over time. In accord with EDXsteel with cobalt coating cobalt after 45 h at 700 °C.
14 E.M. Garcia / Surface & Coatings Technology 235 (2013) 10–14measures, the formation of Co3O4 layer inhibits the chromium oxide
volatilization.
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